Besides the nicking-closing (topoisomerase I) activity, an ATPdependent DNA topoisomerase is present in rat liver nuclei. The enzyme, partially purified, is able to catenate in vitro closed DNA circles in a magnesium-dependent, ATP-dependent, histone Hl-dependent reaction, and to decatenate in vitro kinetoplast DNA networks to yield free minicircles in a raagnesiura-dependent and ATP-dependent reaction. It is largely similar to other eukaryotic type II topoisomerases in its requirements, and presumably belongs to this class of enzymes. Type I and type II activities were measured in rat liver nuclei as a function of regenerating time after partial hepatectomy : type I activity was not significantly changed during this process. In contrast, type II activity was considerably increased, suggesting a possible involvement of the enzyme in DNA replication.
INTRODUCTION
DNA topoisoraerases are enzymes which catalyze the in vitro conversion of one DNA topological isomer to another. The existence of such a class of enzymes was revealed more than ten years ago, shortly after the discovery of superhelical DNA. However, their fundamental importance in nucleic acid metabolism has only begun to emerge as a consequence of the rapid accumulation of information on these proteins in recent years (for a review, see ref. [1] [2] [3] [4] [5] [6] .
These enzymes catalyze a number of different in vitro isomerizations of circular D.'.A. These include relaxation or superhelical DN'A (7), reassociat ion of complementary single-stranded DNA circles (S), knotting/unknotting (9) and catenation/decatenation of circular DXA (10.II). An additional reaction, the introduction of negative superhelical turns is performed by the bacterial gyrase (12) . The simplest mechanism to explain these reactions is the transient breakage of phosphodiester bonds. Thus, two classes of topoisomerases are distinguished on this~basis. Type I topoisomerases catalyze transient single-strand breaks, while type II enzymes catalyze transient double-strand breaks (9) . However, the in vivo functions of these enzymes are still a matter of hypotheses. Studies of bacterial cells mutant in topoisomerase I (13) (14) , (15) indicate that these mutants bear compensatory mutations reducing the gyrase activity and suggest that this enzyme is clearly involved in determining the level of supercoiling in bacteria and, consequently, plays an indirect role in DNA replication, transcription and transposition. Biochemical and genetic experiments with bacterial mutants in type II topoisomerases (DNA gyrase and topoisomerase II') indicate that these enzymes are required for DNA replication (16) . However, it remains to be established in which stage of DNA replication, initiation (17) , DNA chain elongation (18) , termination (19) , the type II topoisomerases play a role, and whether or not these enzymes are involved in other functions like DNA repair (20) and recombination (21) . Moreover, the catenation/decatenation reaction may have biological significance as a part of the mechanisms which control the condensation/decondensation of chromosomal LNA.
Type I and type II topoisomerases have been isolated from a variety of eukaryotic organisms, including plants (22, 23) , fungi (24, 25) , insects (26) amphibians (11, 27) birds (28) and mammals (29 to 32). In most cases, both classes of enzymes are found together in the nuclei. In rat liver, ATP-independent topoisomerase was isolated and purified to homogeneity several years ago (33) , and its in vitro properties were established in details (34, 35) . Since this enzyme belongs to type I, we further assume that ATP-independent relaxation found in rat liver nuclei is due to topoisomerase I.
Here we describe the isolation and some of the properties of an ATPdependent DNA topoisomerase which presumably belongs to the type II class of enzymes. Finally, in search for possible function of topoisomerases in eukaryotic DNA replication, we have followed the enzyme activities of type I and type II topoisomerases in rat liver nuclei during the process of regeneration which takes place after partial hepatectomy. This system has been often used to study the appearance of proteins of the replication machinery in a tissue where cells are in an active phase of DNA synthesis (36, 37) .
MATERIALS AND METHODS
Proteins, Nucleic acids, nucleotides and drugs : histone HI was purchased from Boehringer (Mannheim). Staphylococcal V8 protease was from Miles laboratories (UK). Kinetoplast DNA from Trypanosoma cruzi was a generous gift from Dr G. Riou (Institut Gustave Roussy). Supercoiled pBR322 DNA was prepared from Escherichia coli strain HB101 by the method of Clewell and Helinski (38) and purified by cesium chloride-ethidium bromide (EtBr) density centrifugation. SV40 DNA was prepared from virions as described by May et al. (39) and purified by CsCl-EtBr density centrifugation. Nucleotides (the four ribonucleoside triphosphates, dATP, and ATP-y-S were purchased from Boerhinger (Mannheim), as well as ethidium bromide, novobiocin, and nalidixic acid. Oxolinic acid was from Substantia (Paris).
Enzyme purification. Purified nuclei from rat liver were prepared by a method derived from that of Blobel and Potcer (40) . All operations were at 0°C in the presence of 1 mM phenylmethylsulfonyl fluoride (PMSF). In a standard preparation, 100 g of liver tissue from normal or 2/3 hepatectomized rats were homogenized in a Potter homogeneizer with 400 ml of 50 mM Tris-HCl, In all three assays, the reaction was stopped by addition of SDS to a final concentration of 1% and the DNA was analyzed by agarose gel electrophoresis in horizontal slab gels (1% agarose) prepared and run in 36 mM Tris, 30 mM NaH_P0,, 1 mM EDTA, pH 7.8. Migration was for 17 h at 1 V/cm at room temperature. After the gels were stained with ethidium bromide, photograph. 
RESULTS
Type I and type II topoisomerases are present in rat liver nuclei:
Topoisoraerase activities were assayed on the polyethyleneglycol supernatant (fraction II) prepared after high salt extraction of purified nuclei (see Materials and Methods). Topoisomerase I was measured by the method described by Keller (41) , i.e. The relaxation of a supercoiled DNA in a magnesium-independent , AP-independent reaction described under Materials and Methods.
Topoisomerase II was assessed by the production of catenanes from monomeric, double-stranded DXA circles in a magnesium-dependent, ATP-dependent, histone Hl-dependent reaction. Alternatively, topoisomerase II was measured by the decatenation of the large networks of kinetoplast DNA from Trypanosoma cruzi in a reaction which is dependent on magnesium and ATP (31) as detailed under Materials and Methods. The catenation/decatenation assays are specific for type II topoisomerases, since ATP is aDsolutelv required in the conditions of cne reaction. Lsine tnese assays, ve nave found large amounts of type I and type II topoisomerase activities in purified rat liver nuclei. In addition, such activities have been detected in the polyethyleneglycol supernatant (fraction II) of nuclear extracts isolated from mouse embryos and from a number of different mouse and hamster cells grown in vitro (45) .
Further copurification of topoisomerases I and II aC-t_Lvi-td&s fr-oa rat liver :
By using both the catenation and the decatenation assays, the ATPdependent topoisonerase (topoisomerase II) was further purified about 100 fold from the polyethyleneglycol supernatant (fraction II) free of nucleic acids.
The purification procedure included phosphocellulose, hydroxyapatite, and DNA cellulose columns as described under Materials and Methods. The most purified fraction (DNA cellulose, fraction V) was not homogeneous, based on SDS-polyacrylamide gel electrophoresis. It was free of deoxyribonuclease activity,but r.till contained large amounts of contaminating ATP-independent relaxation activity Analysis of topoisomerase I and II activities in vitro :
Fraction II, or more purified enzyme fractions (fractions III to V), from rat liver nuclei were able to catalyze several topological isomerizations of a covalently-closed, circular DNA, as reported for other eukaryotic topoisomerases (24 to 3C0. These reactions included relaxation of supercoils, catenation of double-stranded DNA circles, and finally decatenation of DNA networks.
Relaxation of a supercoiled DNA occurred in the absence of magnesium and ATP by virtue of the topoisomerase I activity contained in the fraction. In the presence of ATP, relaxation was stimulated to a variable extent, due to the amount of topoisomerase II activity present in the preparation.
Catenation of covalently-closed circles of the plasmid pBR322 DNA is illustrated in fig. 1 . Incubation of such supercoiled DNA with rat liver fraction II in the presence of ATP and histone HI gave rise to relaxed monomeric DNA circles and catenated DNA products, i.e. dimers, trimers, tetramers... and networks. The reaction was followed by the electrophoretic mobility of the products on agarose gels and by direct observation in the electron microscope of the DNA species electroeluted from the gels ( fig. 1) . Thus, more than 80Z of the molecules extracted from the dimer band had the appearance illustrated in the middle right of fig. 1 . The 20% remaining comprised monomeric circles and linear DNA presumably generated by breakage during extraction, and a few concatemeric dimers which migrated in the gels as a band slightly slower than catenated dimers. As observed in the case of gyrase and other topoisomerases, catenanes composed of different circular DNA's can be generated efficiently by mixing various unrelated DNA' s in the incubation medium, indicating that homology is not necessary for the reaction. In all cases including catenation of a single DNA species, the extent of the reaction was limited to about 40X catenated products, even with excess enzyme and long incubation time. This was presumably due to the reverse reaction, i.e. deca- ATP-dependent decatenation of kinetoplast DNA (topoisomerase II). Fig. 6 shows a considerable increase in copoisomerase II activity (catenation and decatenation) in the course of regeneration of rat liver. Maximum activity was found in fraction II from rat liver removed 40h after partial hepatectomy ( fig. 6A lanes 12 to 16 and fig. 6B lanes 8-10) .
The quantitative aspects of this study are presented in Table I . However, since our preparations are contaminated by the type I topoisomerase, we have not been able to prove that the enzyme changes the linking number of a circular DNA by steps of two, a criterium for classification as a type II topoisomerase (9) . The experiments that we have performed on different cell lines in culture (45) suggest that this topoisomerase activity is ubiquitous and therefore is presumably essential for one or several functions in Nucleic Acids metabolism.
Purification of the ATP-dependent topoisomerase from rat liver has been followed both by the catenation and the decatenation assays. However, quantitation of the activities is easier and more accurate in the case of Variations of topoisomerase activities in regenerating rat liver. Topoisomerase activities were measured in a series of Fractions II from rat liver removed various times after partial hepatectomy. In each fraction, the activities were measured by four different assays, as described in Materials and Methods. The results were expressed in Units per milligram of protein and in Units per 10 nuclei. The activities of several preparations are eventually shown for fractions from normal and A0 h regenerating rat liver. decatenation. After fractionation on pnospnocellulose, hydroxyapatlte, and DNA-cellulose, the active fraction obtained still contained contamina c inj.' ATPindepenaent relaxation activity. This copurification can be interpreted either in considering that the column fractionation was not enough resolutive to separate the enzymes, or by the existence of protein-protein interactions between type I and type II topoisomerases in rat liver.
As reported for other eukaryotic type II topoisomerases (31), histone HI is an essential component of the catenation reaction, but, in contrast with Drosophila (26) and Calf thyraus enzymes (46), a nearly crude fraction (fraction II) from rat liver nuclei dit not contain any protein factor replacing histone HI. Nevertheless, it is not known whether or not this dependence on histone HI has any biological significance and moreover whether or not the reaction of catenation itself plays any role in vivo.
Inhibitors of the bacterial DNA gyrase, novobiocin, nalidixic and oxolinic acids, were tested on rat liver topoisomerases : as found for Drosophila (26,1 and Calf thymus (46) , and in contrast with Hela cells (31) , only novobiocin at high concentrations is inhibitor of type II activity. In the case of Drosophila, it has been suggested that oxolinic acid, even if it has poor inhibitory effect on catenation/decatenation activities, does bind to the enzyme and stimulates the double-strand breakage (4 7'-We have focused our attention on the activity of type I and type II topoisomerases in rat liver nuclei during the process of regeneration which follows partial hepatectomy : the results suggest that only the type II enzyme is considerably increased in regenerating liver. This increase paralleled the increase of DNA polymerase a observed in the same system (36,3 7) with again a maximum 40 h after hepatectomy. However, due to the low accuracy in the quantitation of the activities (see Materials and Methods), we cannot exclude a small variation in topoisomerase I activity. Champoux found that topoisomerase I remains unchanged in regenerating liver, as well as in S phase cultured cells or virus-infected cells (48l. In contrast, Rosenberg et al. (49) found a considerable increase in topoisomerase I activity of S phase lymphocytes compared to G .
Little is known on the functions of type II topoisomerases in vivo.
These enzymes may be involved in various processes of DNA metabolism, including replication, recombination, repair, transcription, and chromatin condensation/decondensation ( 1 ). Our findings on rat liver enzymes emphasize a possible role of topoisomerase II in DNA replication, or in the control of the mechanisms which change chromatin structure during replication.
